Abstract-A novel frequency reconfigurable antenna is proposed for WiMAX and WLAN applications. It has a simple structure and compact size of 0.44λ g × 0.37λ g . The proposed approach is based on utilizing of a double planar U-shaped antenna. Furthermore, to achieve a reconfigurable function, a PIN diode switch is introduced across the slot between the two U-shaped patches. By controlling the PIN diode, the antenna resonates at two modes of single and dual bands (WiMAX 3.2/3.5 GHz, and WLAN 5.2/5.8 GHz). The obtained gain ranges from 2.3 to 3.9 dBi within the whole operating bands. The simple configuration and low profile nature of the proposed antenna is suitable for Wireless communication systems.
PIN diode switch placed in a proper location along the slot to reconfigure the antenna from single to dual-band operation. A prototype of the antenna using BAR 50-02V PIN diode has been fabricated and measured. The overall size of the proposed antenna is 30 × 25 mm 2 (0.44λ g × 0.37λ g ). Figure 1 shows the various antenna structures in four steps, which are investigated during the simulation studies, and their reflection coefficients characteristics are plotted and compared in Fig. 2 . Figure 1(a) shows the initial model which consists of a rectangle patch with a dimension of 17.6×18.5 mm 2 and a bandwidth of 2.81-3.69 GHz. It can be seen that for the U-shaped patch geometry of Fig. 1(b) a bandwidth of 2.63-3.16 GHz is achieved. On the other hand, Figs. 1(c) and (d) describe the antenna structures after applying the first and second iterations at the edges of the rectangle monopole, with impedance bandwidths of 2.77-3.61 GHz and 2.75-3.52 GHz, respectively. The horizontal tail is designed to get the optimal dimension in terms of return loss and the desired frequency band. Further increase in the iteration order causes only a minor change in the operating bandwidth. In addition, it is observed that the impedance bandwidths of the first-iteration ( Fig. 1(c) ) and the modified seconditeration ( Fig. 1(d) ) are almost the same. Fig. 2 illustrates the simulated reflection coefficient for different iterations of the double U-shaped antenna starting from the rectangle geometry as a reference.
ANTENNA DESIGN

Structure and Dimensions
It has been illustrated that the validated antenna has a good matching input impedance compared to Antennas I, II and III with a return loss greater than −20 dB. The iteration orders are kept up to the second-iteration.
The geometry of the proposed antenna is shown in Fig. 3 . The form of the antenna consists of a double U-shaped monopole printed on a Rogers RO4350B substrate with dielectric constant ε r = 3.66 and loss tangent tan δ = 0.004. The rectangular radiating patch was cut by a pair of U-shaped slots scaled by a factor equal to 0.6. Two equal finite ground planes, with length h g are placed symmetrically on both sides of the CPW feed-line. The overall size of the substrate is L sub × W sub with a thickness of h = 1.524 mm. A 50 Ω impedance transmission line is connected to the antenna, which consists of a signal strip with a width of W f centered and connected to a coaxial cable via SMA (Sub-Miniature version A) connector in the feed-line. The parameter G represents the gap between the signal strip and the coplanar ground plane. The antenna was optimized using Ansoft's FEM-based HFSS software [14] . The parameters and dimensions of the antenna are given in Table 1 . 
Effect of the Horizontal Tail
In this section, a performance analysis concerning the effect of the horizontal tail on the big U-shaped antenna is performed to get low-level reflections at the antenna input and the required standard frequency band. Fig. 4 shows the length effect of the horizontal tail ("c" parameter) in terms of return loss. It can be seen from the curve that parameter "c" considerably affects the input matching of the antenna. Furthermore, in order to achieve a resonance frequency centered at 3.2 GHz (dedicated to the WiMAX application), the length "c" should be optimized (c = 3.6 mm). 
Equivalent Circuit Models of PIN Diode
Beam lead PIN diode (Infineon BAR 50-02V) is used as switching elements to implement electronic reconfigurability. The equivalent circuit models used in the simulation software are illustrated in Fig. 5 . According to the PIN diode datasheet [15] , a package inductance (L) of 0.6 nH is used for both ON and OFF states. The resistor (R f ) is 4.5 Ω in the forward bias state, and the capacitor (C T ) in the parallel circuit is 0.15 pF for the reverse bias state. The resistor (R P ) is 5 kΩ representing the net dissipative resistance of the diode in the reverse bias state. 
Current Distributions
The simulated current distributions on the final design antenna at 3.2 GHz and 5.2 GHz are depicted in Fig. 6 . When the PIN diode is in OFF state, the frequency band at 3.2 GHz is mainly excited due to the strong current distribution along the big U-shaped boundary curves of the outer patch as shown in Fig. 6(a) . As illustrated by Fig. 6(b) , the current is mainly localized at the inner and outer patches, exciting the 5.2 GHz resonance mode when the switch is in ON position. 
MEASURED RESULTS AND DISCUSSION
The proposed dual-band antenna was designed by using Ansys HFSS software, which is based on the finite element method (FEM). After optimizing the antenna parameters, an experimental prototype of the designed antenna was fabricated to validate the simulated results. A photograph of the manufactured antenna as well as biasing component and wire is shown in Fig. 7 . The measurements on the fabricated antenna were carried out using calibrated ANRITSU MS4647A Vector Network Analyzer. In addition, the radiation patterns and gains measurements were performed in an anechoic chamber.
Therefore, the modified geometry is used for frequency reconfigurability (placing the PIN diode and bias line). For independent control of the switch, two 0.3 mm width slots are introduced between the two U-shaped resonators of the antenna in order to provide the isolation necessary between the two ports of the PIN diode. The DC biasing circuit for PIN diode is given in Fig. 8 . A 10 µH inductor (from Murata Technology) is used as radio-frequency (RF) choke to keep the RF signal out of the DC bias lines. A resistor of 1 Ω is mounted on the fabricated antenna, to control the DC biasing current to the PIN-diode. These DC lines are attached to the wires and connected to a DC power supply. Figure 9 illustrates the simulated and measured S 11 parameters of the proposed antenna for different switch cases, ON and OFF as listed in Table 2 . It can be seen that when PIN diode is turned OFF, a single band 3.2 GHz WiMAX operation with impedance bandwidth from 2.85 to 3.5 GHz is covered. In fact, the proposed antenna operates over both 3.2/3.5 GHz (2.64-4.02 GHz) WiMAX and 5.2/5.8 GHz (5.13-5.85 GHz) WLAN bands, when the diode is turned ON. The small discrepancies between the simulated and measured results is mainly due to the soldering of RF components and also the imperfect DC bias current when the ON state is activated which will degrade the power efficiency and antenna's performance. With these performances, the presented antenna satisfies the requirements of WLAN and WiMAX applications.
The simulated and measured co-polarization far-field radiation patterns on the x-z plane (E-plane) The simulated and measured antenna gains in two states are shown in Fig. 11 . The measured realized gain values were taken at the resonance frequency bands of each switched state. It can be observed that the gain responses change with the reconfigurability, and they exhibit different values for different states. From these results, it can be noted that the proposed antenna provides acceptable gains in these operating bands, with a maximum of 2.3 dBi at 3.2 GHz (OFF state), and 3.9 dBi at 5.2 GHz (ON state).
The average simulated and measured gain values and simulated antenna efficiency are summarized in Table 3 . As indicated in the table, the measured gain is slightly less than the simulated one in all resonant frequencies, especially in ON state. These reductions may be due to using the series resistance of PIN diode switches in the ON state and also the imperfect DC bias network. It is noted that using PIN diode has a small effect on the gain and efficiency. Table 4 shows the fabricated antenna compared to the previous antennas reported in the literature [10] [11] [12] [13] . This design using one PIN diode provides advantages including simple structure, compact size, low cost, and easy manufacture. One of the additional advantages of this design is that it can achieve two configurations with sufficient bandwidths at −10 dB covering full bands of WiMAX 3.2/3.5 GHz, and WLAN 5.2/5.8 GHz.
CONCLUSION
This paper has reported an experimental prototype of a CPW dual-band reconfigurable antenna. By introducing double U-shaped resonators and by altering the operating modes of the PIN diode, a dualband antenna operating at WiMAX and WLAN bands has been achieved successfully. The radiation pattern results are fairly bidirectional in both E-and H-planes for both modes with an optimum gain about 2.3-3.9 dBi. This antenna has a good potential for WiMAX 3.2/3.5 GHz and WLAN 5.2/5.8 GHz systems.
